ABSTRACT: Reporter-embedded (RE) tags are a new generation of sensitive, stable surface enhanced Raman scattering (SERS) tags with Raman reporters embedded between gold nanoparticle (NP) cores and gold (or silver) shells. Most of the reported RE tags have been designed using Au nanospheres as a seed material. Herein, we investigated the synthesis and SERS properties of AuNR/reporter/Ag tags by using gold nanorod (AuNR) seeds with anisotropic physical and optical features. Several highlighted points were discovered, including the following: (1) The cetyltrimethylammonium bromide (CTAB) layer induced the coexistence of chemically and physically adsorbed Raman reporters on AuNR. Conventional washing of the AuNR-reporter complex with water results in the formation of an "internal−external" mixed tag. To obtain a "pure" RE structure, an additional extraction step involving a CTAB solution was essential. (2) The anisotropic distribution of CTAB on AuNR resulted in the preference of the Raman reporters to adsorb to the hotspot at the AuNR tip, which made it a perfect match for improving the SERS signal of the tag. (3) An anisotropic silver coating occurred with the shell thickness on the AuNR side growing much faster than the shell thickness at the tip. This feature ensured that the tag grew to a suitable size with enough silver for SERS enhancement without shadowing the effective Raman reporters at the tip too much. (4) RE tags showed better in vitro and in vivo signal stabilities compared with their external labeling counterparts. Moreover, a novel pH-sensitive SERS peak test was proposed by using 4-mercaptobenzoic acid as the Raman reporter to verify thin coverage by a silver layer. We believe this tag can be broadly applied for molecular detection and bioimaging, and the proposed preparation and structure verification methods can provide universal guidance in the design of novel RE tags.
■ INTRODUCTION
Surface-enhanced Raman scattering (SERS) tags have been considered as attractive optical nanoprobes owing to their potential in chemical sensing and biological imaging applications. 1−3 Conventional SERS tags are prepared by attaching Raman reporters to the surface of noble metal nanoparticles (NPs), thereby creating a known SERS spectrum of the Raman reporter. In recent years, interest in synthesizing reporter-embedded (RE) SERS tags with Raman reporters embedded between the Au core and Au (or Ag) shell has grown.
4−8 RE tags have superior optical features relative to conventional SERS tags including: (1) They have strongly enhanced Raman signals due to the built-in hotspots. (2) They have a better signal stability because the metal shell covering can prevent the possible signal fluctuations induced by desorption or structural changes of the Raman molecules. (3) They can be used as novel SERS substrates for reliable SERS analysis by using the RE signal as an internal standard. The quantitative analysis of target molecules over a large concentration range can be realized from the linear response of the internal standard intensity versus signal intensity of target molecules covering on the tag surface. 9−11 Two synthesis strategies of RE tags have been proposed until now. One is to directly deposit Ag or Au shells on seed NPs functionalized with small thiol molecules. 5, 11 The other is to form nanomatryoshka structures in which an insulation matrix layer (such as DNA, 7,8,12−15 polymer, 6 and dithiol molecules 4, 16, 17 ) with Raman-active parts is applied to modify the seed NPs before outer shell growth. In most RE tags, gold nanospheres (NSs) or nanostars are selected as seed NPs. RE tags prepared from gold nanorod (AuNR) seeds have rarely been investigated.
As a famous nanomaterial, AuNR has drawn broad interest for the fabrication of conventional SERS tags with theranostic functions 18, 19 or the application as SERS substrates for molecular detections. 20−22 We believed that AuNR-based RE tags also deserved deep investigation because of special anisotropic features of AuNR. On the one hand, the SERS enhancement ability at the tips of the AuNRs was much stronger than that of the sides. 23, 24 Simultaneously, the AuNR exhibited a tip-selective Raman reporter adsorption behavior. 25, 26 The matched properties would be advantageous to improve the sensitivity of the RE tags. On the other hand, the silver shell of AuNR/Ag core/shell NPs evolved from homogeneous to special anisotropic coatings on AuNRs with increasing amounts of silver. 27 This would make the SERS signal evolution of the tags complicated. Moreover, AuNR was capped by a dense long-chain cetyltrimethylammonium bromide (CTAB) bilayer, which led to difficulties in Raman reporter adsorption. The effect of capping agents of seed NPs on the formation of RE tags was still unclear.
To address these questions, we investigated the synthesis procedure and SERS properties of AuNR/reporter/Ag core− shell RE tags. Thiol-containing small molecules were selected as Raman reporters and attached on the surface of the AuNRs. Subsequently, a silver shell was deposited onto the seed to complete the AuNR-core/Ag-shell nanostructure. It was found that chemically and physically adsorbed reporters always coexist on AuNR due to the capacity of CTAB bilayers to hold molecules. The clearance of the physically adsorbed reporters by CTAB solution was a crucial step to obtain a "pure" RE structure. RE tags showed high sensitivity because of both tipselective Raman reporter adsorption feature and anisotropic silver shell coating property of AuNRs. Taking advantage of the silver shell coverage, RE tags showed better in vitro and in vivo signal stability compared with conventional "external" tags with Raman reporters adsorbed on the outer surface of NPs. Moreover, a novel method was proposed to verify the Raman reporter encapsulation by monitoring the Raman profile changing of a pH-sensitive Raman reporter (4-mercaptobenzoic acid, MBA) in different pH conditions. ■ EXPERIMENTAL SECTION Materials. Chloroauric acid (HAuCl 4 ), silver nitrate (AgNO 3 ), sodium borohydride (NaBH 4 ), sodium hydroxide (NaOH), L-ascorbic acid (AA), hydroxylamine hydrochloride (NH 2 OH·HCl), polyvinylpyrrolidone (PVP, MW 58 000), and absolute ethyl alcohol were purchased from Sinopharm Chemical Reagent Co., Ltd. Cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC), glutathione, 1-naphthalenethiol (NAT), 4-nitrothiophenol (4-NT), 4-aminothiophenol (4-ATP), and 4-mercaptobenzoic acid (MBA) were obtained from Sigma-Aldrich. mPEG-SH (MW 2000) was obtained from Yare Biotech. Deionized water was used in all of the experiments.
Characterization. TEM images were acquired on a JEM-1400 transmission electron microscope (JEOL, Japan). SEM images of the samples were obtained by using a field-emission microscope (Hitachi S-4800, Japan), and UV/vis/NIR absorption spectra were recorded on a Thermo Scientific NanoDrop 2000/2000C spectrophotometer. The hydrodynamic diameter was measured on a Zetasizer NanoZS90 (Malvern Instruments, Malvern, U.K.). The SERS spectra were recorded by using a DXR Raman Microscope (Thermo Scientific, USA). A 632.8 nm, 1 mW He−Ne laser was focused by a microscope with 10× and 50× objective lenses for sample solution and cell measurement, respectively.
Preparation of AuNRs. AuNRs were synthesized by using the seed-mediated growth method. 28 Briefly, the seed solution was prepared by reducing HAuCl 4 (0.5 mM, 2 mL) in CTAB (0.2 M, 2 mL) with freshly prepared ice-cold NaBH 4 (10 mM, 0.24 mL). After 2 h, 3.6 mL of the resultant seed solution was added into a growth solution of HAuCl 4 (23 mM, 13 mL), CTAB (0.2 M, 200 mL), AgNO 3 (4 mM, 11.2 mL), and AA (80 mM, 5 mL). The mixture was stored overnight at 27−30°C. Raman Reporter Incubation. The as-prepared AuNRs (1 mL) were centrifuged twice at 9200 rpm for 15 min and redispersed in 950 μL of water. Then, 50 μL of Raman reporter ethanol solution was added to achieve a final concentration of 5 × 10 −5 M for NT, NAT, 4-ATP, and 10 −5 M for MBA. The mixture was allowed to react for 2 h at room temperature.
Preparation of "Internal−External" Mixed Tags. The AuNRreporter mixture was centrifuged at 9100 rpm for 15 min, washed twice with water, and then redispersed in 1 mL of water. The absorbance at 750 nm was approximately 1.7. One milliliter of CTAB (0.2 M) was added to 300 μL of this seed solution, followed by the addition of water until the total volume was 6 mL. Then, 20 μL of AA (0.1 M) and 50 or 100 μL of AgNO 3 (10 mM) were added in sequence at room temperature while stirring. Finally, the pH of the mixture was adjusted to approximately 10 by adding NaOH (0.1 M). The solution color immediately started to change from pink to blue or red, which indicated the formation of a Ag layer on AuNR. The mixture was stirred for 20 min to complete the reaction. For obtaining the tags prepared from 300, 700, or 1100 μL of AgNO 3 , an additional 20 μL of AA, 200 μL of AgNO 3 , and 100 μL of NaOH was added to the above reaction mixture containing 100 μL of AgNO 3 for one, three, and five rounds, respectively.
Preparation of RE Tags. The AuNR-reporter mixture was centrifuged at 9100 rpm for 15 min and washed four times with 0.2 M CTAB solution. The seed NPs were then redispersed in 1 mL of water. The absorbance at 750 nm was around 1.0. One milliliter of CTAB (0.2 M) was added to 520 μL of this seed solution, followed by the addition of water until the total volume was 6 mL. The silver shell growth was performed using the same procedure as that for the "internal−external" mixed tags.
Preparation of Conventional "External" Tags. The as-prepared AuNRs (1 mL) were centrifuged twice for 15 min at a speed of 9200 rpm and redispersed in 1 mL of water. Then, AuNR/Ag NPs were synthesized according to the aforementioned silver coating procedure. The resulting AuNR/Ag NPs were centrifuged at 7000 rpm for 15 min and redispersed in 6 mL of water, followed by the addition of 50 μL of NT (1 mM). The mixture was allowed to react for 2 h.
Preparation of "mPEG on AuNR Tip" RE Tags. AuNRs (1 mL) were centrifuged for 15 min at a speed of 9200 rpm. Then, 50 μL of mPEG-SH (20 mM) was added and the mixture was vortexed for 30 s. The mixture was allowed to react for 2 h. Finally, PEG-modified AuNR was centrifuged at 9200 rpm for 15 min to remove excess mPEG-SH and redispersed in water (950 μL). Then, Raman reporter incubation, washing with CTAB solution, and the silver shell coating process were performed in a similar manner as that described for the preparation of RE tags.
Preparation of Au Nanosphere (NS) Seeded RE Tags. Conventional AuNSs were used as seeds to prepare RE tags with the same manner for SERS property comparison. AuNSs were prepared followed by a previously reported work. 29 Briefly, freshly prepared NaBH 4 solution (1 mM, 0.6 mL) was rapidly added into a thoroughly mixed 10 mL of aqueous solution containing HAuCl 4 (0.25 mM) and CTAB (0.1 M). A brown solution immediately formed upon the introduction of NaBH 4 , which indicated the formation of Au clusters. The formed Au clusters was stirred at a speed of 300 rpm for 2 min, and then kept undisturbed at 27°C for 3 h. Aqueous solutions of CTAC (0.2 M, 2 mL), AA (0.1 M, 1.5 mL), and Au clusters (20 or 50 μL) were mixed, followed by the injection of HAuCl4 solution (0.5 mM, 2 mL). The reaction was allowed to continue at 27°C for 15 min. The product was AuNS with a diameter of 16 and 10 nm, respectively. The product (AuNS, 10 nm) was collected by centrifugation at 14 000 rpm for 30 min, and then washed with water once. Then, CTAC (0.1 M, 2 mL), AA (10 mM, 130 μL), and the 10 nm seeds (10 μL) were mixed, followed by dropwise addition of HAuCl 4 solution (0.5 mM, 2 mL) using a syringe pump at an injection rate of 2 mL/h. The reaction was allowed to proceed at 27°C for 10 min after the injection had been finished. The product was AuNS with a diameter of 55 nm. One milliliter of the as-prepared AuNS (16 or 55 nm) colloid was centrifuged twice at the speed of 9000 rpm for 10 min and redispersed in 950 μL of water. Then, Raman reporter (NT) incubation, washing with CTAB solution, and the silver shell coating process were performed in a similar manner as that described for the preparation of AuNR seeded RE tags.
Preparation of Silver NPs. Silver NPs were used as SERS substrates to detect the Raman reporters extracted by CTAB solution, which were prepared by the reduction of AgNO 3 with NH 2 OH·HCl at room temperature. 30 Briefly, 10.44 mg of NH 2 OH·HCl was dissolved in 89 mL of water, followed by the addition of NaOH (0.3 M, 1 mL) to maintain an initial alkaline pH. Then, 10 mL of 10 mM AgNO 3 solution was added to the above solution while stirring. The reaction mixture was stirred for 1 h.
Tag Aggregation Tests. To explore the NP aggregation effect on the SERS signals of "internal−external" mixed tag and RE tag, the tag aggregation was induced in a controllable manner. Briefly, 200 μL of ethanol was added into 200 μL of tag solution; the color of the solution changed from yellow to brown immediately, which indicated the aggregation of the tags. Then, 50 μL of PVP (20 g/L) was added to the mixture immediately to quench the aggregation process and stabilize the NP to some extent. 31 All SERS signal measurements were performed at once after the addition of PVP solution to obtain the initial signal of each sample.
Test on the pH-Sensitive Property of MBA Embedded Tags. Small pieces of filter paper were dipped into the tag solution for the tag adsorption. Then, the papers loaded with tags were placed in acetate buffer (pH 4) and phosphate buffer (pH 8) solutions, followed by immediate SERS measurements, to avoid the dissolution of the silver shell of the tags.
Cell Culture. SMMC7721 (a liver cancer cell line) cells were grown as a monolayer in a humidified incubator at 37°C, in air/CO 2 (95:5) and in an RPMI-1640 medium that was supplemented with 10% fetal bovine serum. For all experiments, cells were harvested by using trypsin and were resuspended in fresh medium before plating.
Cell Imaging. SMMC7721 cells (2 × 10 4 ) were seeded onto glass coverslips in a 24-well plate with 500 μL of culture medium; the cells were cultured for 12 h to allow the cells to attach. Then, 100 μL of each tag was added into the cells. After incubation for 2, 4, 8, 10, 24 h, the cell monolayer on the coverslip was observed with Raman microscopy and the SERS signals were measured at the same time.
■ RESULTS AND DISCUSSION Preparation of "Internal−External" Mixed Tags. As shown in Route 1 in Figure 1 , AuNR-reporter seeds were first prepared by the use of a routine Raman reporter labelingwashing procedure. 32−35 Briefly, NT was added as the Raman reporter to AuNR solution during vigorous stirring and the resultant mixture was allowed to react for 2 h. The AuNR-NT complex was purified by centrifugation and washed twice with deionized water. Then, the complex was used as seed and subjected to a silver coating reaction by the reduction of AgNO 3 with AA under basic conditions. The shape and morphology of the tags evolved with the increase of Ag + concentration in the growth solution. As shown in Figure 2A , at a lower volume of AgNO 3 (50 μL), the tag showed a cylindrical rod shape similar to that of AuNR ( Figure  S1A ) and the Ag shell was homogeneous over the AuNR. When the volume of AgNO 3 was increased to 100 μL, an anisotropic Ag coating occurred, leading to the tags with an orange slice-like shape ( Figure 2B ). This anisotropic growth feature was consistent with Au/Ag NR growth from bare AuNR, 27, 36 which indicated that the adsorbed Raman reporters did not influence the growth behavior of the silver shells. When the volume was increased to more than 300 μL, the tags became spherical and their size increased ( Figure 2C−E) . Figure 2F shows a series of color changes for the NP solutions from pink for the AuNR seeds to green, orange, and finally yellow for the AuNR/Ag tags. The corresponding UV− vis absorption spectra indicated that the longitudinal SPR band blue-shifted as a result of the decrease in the aspect ratio of AuNR, and a new peak appeared at 380 nm that originated from the transverse dipole resonance of electrons on the thick side of the Ag shell. With increasing amounts of AgNO 3 , the absorbance of the solution increased from 0.05 to 1.9 according to the main peak ( Figure 2G ). The SERS spectra of the samples are shown in Figure 2H . When the volume of AgNO 3 was increased from 50 to 700 μL, the SERS intensity of the tags increased continuously and reached a maximum at 700 μL, which was approximately 460 times higher than the intensity of the AuNR seeds calculated from the Raman peak at 1330 cm −1 ( Figure S1B ). This signal enhancement is attributed to Ag having a much greater Raman enhancement ability than Au. 37 When more AgNO 3 was added, a decrease in Raman intensity was observed because the light-shadowing effect of the Ag shell became dominant. The Ag shell with increasing thickness made it more difficult for the incident laser to reach the reporters and the scattering signal to escape. 5 Therefore, the combination of these two effects determined an optimum Ag shell thickness for RE tags to obtain the best sensitivity. By contrast, for conventional "external" SERS tags in which Raman reporters were attached on the surface of AuNR/Ag NP substrates ( Figure S2 ), a nearly continuously increasing SERS intensity was observed with increasing silver content of AuNR/Ag NPs, and the SERS intensity from NPs of the same silver content was much lower ( Figure 2I) .
Furthermore, an aggregation test was performed to verify the RE structure of the tags. It is well-known that the aggregation of "external" SERS tags will result in a dramatic signal increase because Raman reporters located at the junctions of the NP aggregates (i.e., hotspots) feel much enhanced electromagnetic fields. However, the signal for the RE tags was inert due to the insulation of reporters and hotspots by the outer metal shell. For instance, Chen's group reported that the signal of Au-MBA/Ag (5 nm shell) RE tags barely changed after NaClinduced tag aggregation. 5 In our case, the aggregates of the tags (15 nm Ag shell on the side of the AuNR) were prepared with the addition of ethanol and PVP solution to the tag solution ( Figure S3) . Strangely, the signal intensity of the tags increased significantly to approximately 5000 counts after aggregation ( Figure 3A) . Considering that the shell of the tags was thick enough for reporter isolation, it could be deduced that not all reporters were embedded inside metals and there must be a portion of NT molecules attached on the outer surface of the Ag shell. These molecules were incorporated in the hotspots of the aggregates and led to the signal enhancement. To emphasize the different locations of the reporters, this tag was defined as an "internal−external" mixed tag.
Investigation of Physically Adsorbed Raman Reporters on AuNR. We speculated that the formation of "internal− external" mixed tags originated from the different locations of Raman reporters on the AuNR-reporter seeds. After mixing with AuNR colloid, a majority of Raman reporters adsorbed on AuNR via strong Au−S bonds and could be embedded inside the Ag shell, which were considered as "effective" reporters. Meanwhile, there should be a certain number of reporters intercalated in the CTAB bilayers of the AuNR via hydrophobic interactions between the alkyl chain of CTAB and the benzene rings of the Raman reporters. 38 These "ineffective" reporters could not embed at the Au−Ag interface but located on the outer surface of the resultant tags after Ag shell coating.
To verify this speculation, 0.2 M CTAB solution was applied for washing the AuNR-reporter complex because of its much stronger ability than water for the extraction of the physically adsorbed reporters, as illustrated in Route 2 ( Figure 1 ). CTAB molecule exchange occurred between AuNR seeds and large excess of CTAB micelles in the washing solution. The physically adsorbed NT on AuNR might transfer to CTAB micelles and could be discarded after centrifugation, whereas this washing process would not influence the chemically adsorbed NT molecules on the AuNR seeds. The UV−vis spectra of NT were measured to monitor this extraction capability. AuNR was incubated with 10 −4 M NT, centrifuged, followed by a washing step with CTAB solution or pure water. The washing supernatants were collected for comparison. As shown in Figure S4 , a weak NT absorbance could be detected in the water supernatant. In contrast, a strong NT absorbance appeared from CTAB washing supernatant, which indicated that a large amount of NT was released from AuNR in the extraction step. When a lower NT concentration was used (5 × 10 −5 M), the characteristic absorption bands were also measured ( Figure 3B ). It was estimated that approximately 4 × 10 −6 M of the NT (i.e., 8% of the NT molecules) was physically adsorbed on the AuNR seeds according to the UV− vis linear curve of NT in 0.2 M CTAB, and the number of chemically adsorbed NT on each AuNR was approximately 1.9 × 10 4 (Supporting Information). This coexisting chemical and physical adsorption of Raman reporters on AuNR is a universal phenomenon. Multiple AuNR-reporter incubation conditions, which included vigorous stirring, prolonging the incubation time, or increasing the incubation temperature, illustrated similar conclusions according to the NT detection results by UV−vis spectra ( Figure 3B ) and more sensitive SERS measurements. After the addition of the CTAB washing supernatant to the silver NP colloids, strong characteristic Raman peaks of NT appeared ( Figure 3C ). This universal feature was further verified by using other thiolcontaining Raman reporter molecules such as MBA, NAT, and 4-ATP. After the addition of each CTAB washing supernatant to Ag colloid, the corresponding Raman spectrum could be detected ( Figure 3D ). This is an important result that contradicts traditional beliefs. Typically, it is considered that all attached thiol reporters on AuNR or AuNR/Ag NPs are stabilized via strong Au(Ag)−S bonds. Therefore, the SERS tags are usually prepared by simply mixing Raman reporters and NPs and then centrifuging and washing the mixture with water to remove excess reporters. 32−35 Our results revealed that the CTAB bilayers of AuNRs were highly stable, 19, 39 and there were always reporters intercalated in the CTAB bilayers, even for small thiolcontaining molecules that bind strongly with metals and have relatively small hydrophobic interactions with the alkyl chains of CTAB.
The above results hint at two problems that have previously been ignored when investigating the SERS features of NPs with CTAB ligands: (1) A missed factor in the evaluation of the SERS enhancement ability. For example, the distinction of SERS enhancement ability of AuNRs with different aspect ratios was solely explained by the difference in aspect ratiodependent electromagnetic enhancement. However, the chemical and physical adsorption ratio of Raman reporters was also influenced by the aspect ratio, as the AuNRs with larger aspect ratios had denser CTAB bilayers on the sides and might hold more "ineffective" reporters. 34 (2) Physically adsorbed reporters might affect the signal stability of SERS tags. These reporters were easily disturbed or released from the tags and readsorbed via the Au−S bond as "effective" reporters, which induced interference with the original signal. These problems require special attention in future SERS tag studies.
Preparation of RE SERS Tags. Purified seeds were prepared by washing the AuNR-NT complex with a 0.2 M CTAB solution. Four rounds of washing could completely clear the physically adsorbed NT molecules ( Figure S5 ). After the washing process, the monodispersity of the seeds could still be maintained ( Figure S6 ). Subsequently, RE tags were prepared by coating the seeds with a Ag layer. As shown in Figure 4A −E, anisotropic growth behavior of the NPs was observed, as indicated by the faster growth of the Ag shell on the side of the AuNR than on the tip of the AuNR ( Figure S7A ). When the Ag + volume was increased to 300 μL, the AuNR, including both tips, was completely encapsulated by silver, as shown by the contrast in the TEM images ( Figure S8 ). The color and extinction spectra of the NPs showed the same evolution in properties as the spectra obtained from the "internal−external" mixed tags ( Figure 4F,G) , and the monodispersity of the tags was satisfactory ( Figure S7B) . Moreover, the SERS signal variation also supported a similar "rise−fall" principle and the intensity was as strong as 3700 counts at its maximum. ( Figure  4H,I ).
As shown in Figure 5A , the signal of the tags was nearly stable after ethanol-induced aggregation, indicating the successful formation of the RE structure. The amount of NT that adsorbed on the outer shell of the RE tag was further roughly estimated by adding known concentrations of NT reporters to the RE tag samples, followed by the addition of ethanol to form similar aggregation states. As shown in Figure  5B , the SERS signal of aggregated NPs at 1330 cm −1 increased by 31% and 12% when the added NT concentrations were 10 −7 and 10 −8 M, respectively. When the added NT concentration was 10 −9 M, the aggregation resulted in a decreased signal. The results indicated that most of the attached NT were embedded and the concentration of NT adsorbed on the tag surface was less than 10 −8 M. We speculated that the high sensitivity of the AuNR seeded RE tag was attributed to the tip-selective Raman reporter adsorption and the anisotropic silver coating properties of AuNRs. To prove this idea, two types of RE tags with controlled structures, i.e., "mPEG on AuNR Tip" RE tags and gold nanosphere (AuNS) seeded RE tags, were prepared for comparison. SERS Property of the "mPEG on AuNR Tip" RE SERS Tags. The anisotropic reporter adsorption feature of AuNR would be advantageous to achieve sensitivity. On the one hand, it had been reported that an enhanced electric field exists at the tip of an AuNR, which was mainly responsible for the SERS enhancement ability. 21 Simultaneously, thiol-containing Raman reporters preferentially attached on the tips of AuNR because of the low capping density of CTAB at these locations. This denoted a perfect match as more reporters appear at the hotspots in the AuNR seed, which might be favorable for the acquirement of strong SERS signals from the RE tags. To verify this speculation, the "mPEG on AuNR tip" RE tags were prepared as a controlled sample by using the seed NP with Raman reporters located at the sides of the AuNRs, as illustrated in Figure 6A . For AuNR washed twice with water, the tips of the AuNR were almost bare and the sides of the AuNR were still covered by the CTAB bilayer. The added mPEG-SH to the AuNR colloid was prior to occupy the bare Au surface at the tips, and it was hard for them to attach on the side of the AuNR due to the protection of the CTAB bilayer. In the following Raman reporter incubation step, most reporters were forced to attach to the sides of the AuNRs. Figure 6B −D shows the formation of the core−shell RE structure from the "mPEG on AuNR Tip" seed. Due to the additional coverage effects of mPEG-SH, the number of attached reporters decreased slightly by nearly 11.6%, while the SERS intensity of the RE tags after silver coating decreased sharply to 1/125 of the intensity of typical RE tags with the same number of embedded reporters ( Figure 6E,F) .
SERS Property of AuNS Seeded Tags. Anisotropic silver coating properties on AuNRs was also beneficial for obtaining strong SERS signal. The fast silver growth on the sides of AuNRs ensured a considerable silver content of the tags for SERS enhancement. The thin shells on the tips prevented shadowing the reporters adsorbed at the tip "hotspot" too much. For comparison, conventional gold NSs were used as seeds for the preparation of AuNS-NT/Ag tags, in which the silver shells were homogeneously coated on AuNSs. Two sizes (16 and 55 nm) were tested, which were comparable to the transverse and longitudinal sizes of the AuNR, respectively. When 16 nm AuNSs were used as seeds, the signal increased significantly with the diameter of tags increasing to about 40 nm upon silver coating. The maximum intensity was about 60 times higher than the intensity from the seeds ( Figure S9 ). This value was lower than that from AuNR-seeded tags with similar silver shell thickness at the tip. For 55 nm AuNS seed, no significant signal increase was detected during the NP growth. The maximum Raman intensity of the tags was only 3.3 times higher than that of AuNS seeds ( Figure S10 ).
Verifying the Raman Reporter Encapsulation at AuNR Seed Tips. One perplexing problem introduced by the sidepreferring anisotropic growth feature of AuNRs was whether the tip of the AuNR seed was fully coated by the silver shell. The shells were too thin to be clearly observed by SEM or TEM, especially at lower AgNO 3 concentrations. To address this problem, a novel verification method was proposed which applied the pH-sensitive SERS property of the MBA Raman reporter. The Raman peak of MBA at 1430 cm −1 (assigned to the COO − -stretching mode) was sensitive to the dissociation of the carboxyl group. The signal ratio of the peaks at 1430 cm −1 to the stable aromatic ring vibration at 1076 cm −1 could be used to sense pH variation. 40, 41 We speculated that, if MBA was embedded inside metal layers, this pH-sensitive feature would vanish due to the insulation of MBA from the tag's local environments. With this in mind, AuNR-MBA/Ag RE tags ( Figure S11 ) and AuNR/Ag-MBA "external" tags were synthesized and loaded on test papers for SERS spectra measurements under different pH conditions. As illustrated in Figure 7A , for "external" tags, the Raman peak at 1430 cm
decreased dramatically after changing the pH from 8 to 4. By contrast, the Raman spectrum profile of the AuNR-MBA/ Ag(700) RE tag was irrelevant to the pH change because of the protection of the Ag shell. The RE tag of a thinner silver shell was also tested. As shown in Figure 7B , even for the AuNR-MBA/Ag(50) RE tag with a very thin Ag shell at the AuNR tip, the peak ratio of 1430 and 1076 cm −1 was nearly stable after the pH changes, which implied the successful encapsulation of the reporters. By contrast, the peak ratio for the "external" tags decreased sharply from 0.28 to 0.025. The proposed pHsensitive SERS peak test was effective for the confirmation of thin metal shell coverage and provided a complementary method for previously applied TEM and corresponding EDS line scan analyses. The preparation of RE tags was also done using NAT as the Raman reporter, which proved that the synthesis could be expanded to other reporters ( Figure S12 ).
Signal Stability of RE SERS Tags. Ag NP-based SERS tags suffer from poor signal stability due to the chemical activity of Ag NPs with many biological and environmental factors, such as thiol-molecules, O 2 , H + , etc. 42−46 As shown in Figure 8A , the signal of the conventional "external" tags was disturbed easily when the tags were incubated with glutathione, mPEG-SH, or in acidic medium because the dissolution of only a single layer of Ag atoms could result in the serious release of Raman reporters from Ag NPs. By contrast, the signal of the RE tag was not determined by the "first atom layer" effect but by the thickness of the entire silver layer, which was more robust in these conditions. Furthermore, the intracellular SERS signal response of both tags was investigated in living SMMC7721 cells. During cell incubation, NPs passed through the cytomembrane and were trapped in the endosome, encountering endogenous small thiol molecules and an acidic environment with a pH of approximately 5, which could promote the dissolution of silver. 47 It was interesting to check the signal stability distinctions of "external" tags and RE tags in these cells. From the dark-field optical imaging of live cells, it was observed that the tags were distributed in cytoplasmic regions after 2 h of incubation, which indicated the uptake of NPs ( Figure 8B) . Simultaneously, SERS measurements were performed using a 632.8 nm laser with a power of ∼1 mW. Figure 8C shows that strong and characteristic SERS signals of NT of both tags were detected from the single cell at 2 h. However, the prolonged time-dependent signal feature was different for the two tags. As shown in Figure 8D , the SERS intensity of the "external" tags underwent a continuous, sharp decrease upon cell incubation. The signal totally disappeared after 8 h. By contrast, the signal of the RE tags was pretty stable in the first 8 h, followed by a dramatic decrease in the subsequent 16 h incubation period. This result implied that the silver shell could provide protection at the initial stage, but this function disappeared as a result of the gradual silver dissolution and the exposure of the Raman reporters to the surroundings.
■ CONCLUSIONS
We have prepared and investigated the signal properties of novel RE SERS tags with Raman reporters embedded between the AuNR and Ag shell. We found that physically and chemically adsorbed reporters always coexist on AuNR seeds due to the strong capacity of CTAB bilayers to hold molecules, which complicated the synthesis of pure RE structures compared with the use of AuNP seeding and capping by small citrate ligands. Moreover, the hotspot effect at the tip of AuNRs remained and was even amplified in the RE tags. Raman reporters adsorbed at the tips provided a dominant contribution to the SERS intensity, which rendered a tag with high sensitivity. The anisotropic growth of the silver shell that occurred during RE preparation also benefited signal enhancement. Moreover, a novel method was proposed to verify the thin silver layer coverage by monitoring the Raman intensity variation of a pH-sensitive peak of the MBA reporter in different pH conditions. Taking advantage of the silver shell protection, RE tags showed better in vitro and in vivo signal stability compared with their external labeling counterparts. We believe that these sensitive and stable RE tags prepared relying on the anisotropic features of AuNR can draw broad interests and become useful tools in molecular detection and bioimaging applications.
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